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Abstract: Background; This study determined the accuracy of different velocity-based methods 17 
when predicting one-repetition maximum (1RM) in young and middle-aged resistance trained 18 
males. Methods: Two days after maximal strength testing, 20 young (age 21.0±1.6 years) and 20 19 
middle-aged (age 42.6±6.7 years) resistance trained males completed three repetitions of bench 20 
press, back squat and bent-over-row at loads corresponding to 20-80% 1RM. Using reference 21 
minimum velocity threshold (MVT) values, the 1RM was estimated from the load-velocity rela- 22 
tionships through multiple (20, 30, 40, 50, 60, 70 and 80% 1RM), two-point (20 and 80% 1RM), 23 
high-load (60 and 80% 1RM) and low-load (20 and 40% 1RM) methods for each group. Results: 24 
Despite most prediction methods demonstrating acceptable correlations (r= 0.55 to 0.96), the ab- 25 
solute errors for young and middle-aged groups were generally moderate to high for bench press 26 
(absolute errors= 8.2 to 14.2% and 8.6 to 20.4%, respectively) and bent-over-row (absolute error= 27 
14.9 to 19.9% and 8.6 to 18.2%, respectively). For squat, the absolute errors were lower in the young 28 
group (5.7 to 13.4%) than middle-aged group (13.2 to 17.0%) but still unacceptable. Conclusion: 29 
These findings suggest that reference MVTs cannot accurately predict the 1RM in these popula- 30 
tions. Therefore, practitioners need to directly assess 1RM. 31 
Keywords: Ageing; maximal strength; squat; bench press; bent-over-row; velocity-based training; 32 
linear position transducer. 33 
 34 
1. Introduction 35 
The age-associated losses in muscle mass (i.e., sarcopenia) [1,2] and in strength and 36 
power (i.e., dynapenia) [3] contribute to age-related declines in athletic performance. 37 
Fortunately, resistance training is a potent strategy to improve muscle mass, power and 38 
strength in ageing populations [4,5]. Therefore, a growing number of middle-aged ath- 39 
letes are participating in resistance training not only to maintain or improve their athletic 40 
performance, but also slow down the natural age-associated declines in athletic perfor- 41 
mance [6]. 42 
 For resistance training to be effective, it is important to quantify the stress imposed 43 
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during training [7]. If the training load is insufficient then adaptation might not occur, 44 
whereas excessive or sudden increases in stress might result in injury, poor performance, 45 
or non-functional overreaching [8,9]. Therefore, although loading paradigms can be 46 
prescribed based upon a variety of methods, using evidence-based methods might help 47 
guide training with objective data, possibly increasing the effectiveness of training. Tra- 48 
ditionally, resistance training loads have been prescribed based on a percentage of one 49 
repetition maximum (direct method; %1RM). Although a properly structured training 50 
programme using 1RM percent-based methods are effective at increasing muscle mass, 51 
strength and performance, direct determination of 1RM is sometimes discouraged be- 52 
cause repeated maximum lifts can be fatiguing, the procedure can be time-consuming, 53 
and one’s performance might vary from day-to-day [10]. Alternatively, auto-regulatory 54 
methods (e.g. repetitions in reserve) are gaining popularity but these are still subjective 55 
and may not be effective for all populations. At the opposite end of the spectrum from 56 
these subjective approaches, contemporary ‘velocity-based training’ methods might 57 
provide a more objective and precise prescription of resistance training intensities [11]. 58 
The inverse-linear relationship between the load lifted and movement velocity can be 59 
used to predict 1RM during various resistance training exercises [11]. Briefly, this 60 
load-velocity relationship can be modelled by assessing velocity over multiple sub- 61 
maximal loads (usually 3-8 loads; i.e., ‘multiple-point method’), with the 1RM being es- 62 
timated via linear regression as the load associated with the velocity at 1RM (i.e., the 63 
minimum velocity threshold; MVT) [12–14]. This relationship can also be accurately 64 
modelled using two loads (i.e., ‘two-point method’) [11], though the loads and MVT se- 65 
lected in modelling need to be considered [15]. While previous work has investigated the 66 
ability of force- and velocity-biased loads when predicting maximum force and velocity, 67 
no study has compared the 1RM prediction accuracy from two-point method modelled 68 
by different load configurations (e.g. distant two-point, low-load method, and high-load 69 
method). When considering the MVT in the modelling, the low reliability of the indi- 70 
vidual MVT and the favorable between-participant variability, indicate that a reference 71 
MVT value for all participants could be used [11]. A study that identifies if maximal 72 
strength can be predicted using reference MVT values will provide practitioners with an 73 
easy, less fatiguing and quick way of predicting 1RM in older populations. 74 
Despite the literature emerging that velocity-based methods can be used to predict 1RM, 75 
its efficacy in older populations has received little attention. In old resistance trained 76 
women (~68 years), Marcos-Pardo and colleagues [16] reported that mean velocity can 77 
accurately estimate the percentage 1RM (40 to 100%) in bench and leg press exercises. 78 
However, Marcos-Pardo et al. [16] did not include a younger group for comparison, so it 79 
remains unknown if the ability to predict the 1RM is affected by age. This is an important 80 
issue because the load-velocity relationship is flatter (i.e. more horizontal/less vertical) in 81 
middle-aged resistance trained males than their young counterparts [17]. As such, it is 82 
plausible that the combination of loads to predict 1RM might be different in young and 83 
middle-aged populations. A study which determines the accuracy of 1RM predictions 84 
across resistance training exercises will aid coaches when prescribing training loads in 85 
middle-aged males. However, as no study has investigated this, we aimed to elucidate 86 
whether the load-velocity relationship can be used to estimate the 1RM across traditional 87 
resistance training exercises (such as bench press, back squat, and bent-over-row) in both 88 
middle-aged and young men. A secondary aim is to identify which configuration of 89 
two-load method (i.e., distant two-point, high-load and low-load) could predict 1RM 90 
most accurately in young and middle-aged resistance training males. Given the dearth of 91 
comparable studies, we propose the null hypothesis for both of our aims: (1) that there 92 
will be no systematic differences between actual and predicted 1RM in young and mid- 93 
dle-aged men, and (2) the load combination selected will not affect the 1RM prediction 94 
accuracy. 95 
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2. Materials and Methods 96 
Participants 97 
Twenty young (age 21.0 ± 1.6 years, body mass 85.9 ± 12.8 kg) and 20 middle-aged (age 98 
42.6 ± 6.7 years, body mass 82.3 ± 11.2 kg) males were recruited by convenience sampling. 99 
Thirty-five and 55 years were selected as the lower- and upper-age limits, respectively, 100 
for the older group in line with previous studies [3,17,18]. All participants regularly used 101 
the bench press, back squat, and bent-over-row as part of their training programmes and 102 
had a minimum of 2 years resistance training experience (4.5 ± 1.1 and 16.9 ± 11.4 years 103 
for young and middle-aged groups, respectively). A sample size of 38 persons (19 per 104 
group) was estimated using G*power based upon an effect size, alpha error probability 105 
and power of 1.1 (as observed between groups [19] for handgrip power at 50% maximal 106 
voluntary contraction), 0.05 and 0.95, respectively. Participants completed a pre-test 107 
health questionnaire and provided written consent for the study, which was approved by 108 
the host institution’s faculty ethics committee (871/14/JF/SES). Participants were in- 109 
structed not to consume any ergogenic supplements (for example, caffeine) on the day of 110 
testing, and to refrain from strenuous exercise in the 3 hours before testing. If it did not 111 
conflict with the current study, participants continued their normal training pro- 112 
grammes. Moreover, discussions with participants before testing revealed no symptoms 113 
of perceived muscle soreness or weakness. 114 
Study design 115 
This study comprised a mixed factorial design in which two groups of participants at- 116 
tended the laboratory twice. On the first visit, maximal strength was assessed for the 117 
bench press, back squat, and bent-over-row, followed by habituation to the measures of 118 
barbell mean velocity (i.e. until the mean velocity plateaued). Participants returned to the 119 
laboratory 48 hours later to complete 3 repetitions of the bench press, back squat, and 120 
bent-over-row at loads corresponding to 20 to 80% 1RM (at 10% 1RM increments) in a 121 
randomized order for both exercises and loads. Mean velocity (i.e. the average velocity 122 
across the concentric phase) of all the repetitions performed at each relative load was 123 
recorded by a linear position transducer. Thereafter, four velocity-based methods were 124 
used to predict 1RM; the data of seven loads (20, 30, 40, 50, 60, 70 and 80% 1RM; i.e., 125 
multiple-load method), two distant loads (20 and 80% 1RM; i.e., distant two-point 126 
method), two light loads (20 and 40% 1RM; i.e., low method), and two heavy loads (60 127 
and 80% 1RM; i.e., high-load method) were used to model the individual load-velocity 128 
relationships by linear regression. The 1RM was estimated from the load-velocity rela- 129 
tionship as the load associated with reference MVT values of 0.17 ms-1 for bench press 130 
[10,15], 0.37 ms-1 for back squat [20], and 0.40 ms-1 for bent-over-row [21]. 131 
Maximal strength testing (session 1) 132 
Bench press and bent-over-row maximal strength were directly assessed using a stand- 133 
ard 1RM protocol [22]. For safety and ethical reasons, the 1RM back squat were predicted 134 
from a 5RM protocol and equation detailed previously (R2 = 0.988) [23]. A similar ap- 135 
proach has been used for back squat exercise [24]. The exercise order was randomised 136 
with 5 minutes passive rest between 1RMs. All exercises were performed on the Smith 137 
machine (Smith machine standard; Perform Better, Leicester, UK) . 138 
Assessment of mean velocity (session 2) 139 
Mean velocity was assessed during the three exercises at loads corresponding to 20, 30, 140 
40, 50, 60, 70, and 80% 1RM. Loads were applied randomly, and the FitroDyne rotary 141 
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encoder (Fitronic, Bratislava, Slovakia) was attached directly under and to the most lat- 142 
eral aspect of the Smith machine bar. Since the FitroDyne measures the rate of displace- 143 
ment and thus assumes that the nylon cord is moving in a vertical direction, any devia- 144 
tion from the vertical direction could increase measurement error. As such, the Smith 145 
machine was employed as it restricts the movement of the nylon cord to a linear vertical 146 
direction. The FitroDyne provides a reliable marker of moderate changes in mean veloc- 147 
ity for the selected loads and exercises [25].  148 
For the bench press exercise, the participants held the bar with a prone grip and lowered 149 
it to their chest, before maximally pushing it until full elbow extension. For the back 150 
squat exercise, the bar was positioned in a high-bar position and the participants de- 151 
scended until their hips were below the knee joint, and then ascended as rapidly as pos- 152 
sible until their knees were at full extension. An adjustable bench was positioned at the 153 
bottom of the back squat to signal the eccentric-to-concentric transition, ensuring that 154 
each participant attained the same depth and range of motion on each repetition. During 155 
the bent-over-row exercise, the participants commenced in a bent-over position (i.e., back 156 
angle of approximately 45 degrees), before pulling the bar maximally until the elbows 157 
reached full flexion (no eccentric phase). For all exercises, participants were instructed to 158 
perform the eccentric phase in a controlled manner and the concentric phase as rapidly as 159 
possible. Three repetitions of each exercise were performed at each load with 160 
self-selected rest intervals that were capped at 90 s, but ranged from 30 to 90 s. Rest times 161 
were self-selected as lighter loads did not require the same recovery time. The average of 162 
the three repetitions at each load was used to model the load-velocity relationships. 163 
Statistical analysis 164 
A two-way analysis of variance (ANOVA), with group (young and middle-aged) as a 165 
between-subject factor and the 1RM prediction method (multiple-point, distant 166 
two-point, high-load and low-load) as a within-subject factor, was applied to the absolute 167 
differences between the actual and predicted 1RMs separately for each exercise. The ab- 168 
solute differences were expressed as a percentage of the actual 1RM because the differ- 169 
ences in the 1RM strength between young and middle-aged men could affect the be- 170 
tween-group comparisons. The Greenhouse-Geisser correction was applied when the 171 
assumption of the homogeneity of the variances was violated (P < 0.05). Paired samples 172 
t-tests with Bonferroni post hoc corrections were used to identify bias between specific 173 
pairwise comparisons. The scale used to categorize the magnitude of the absolute errors 174 
was: low (< 5.0%), moderate (5.0-10%) and high (> 10.0%) [26]. Furthermore, the validity of 175 
the 1RM prediction methods with respect to the actual 1RM was examined through 176 
paired samples t-tests, Cohen’s d effect size (ES), raw differences (± standard deviation), 177 
and the heteroscedasticity of the errors (r; relationship of the raw differences between the 178 
actual and predicted 1RMs with their average value). Although not indicative of agree- 179 
ment [27], Pearson’s correlations coefficients (r) were calculated to facilitate the compar- 180 
isons to previous research. Qualitative interpretations of the r coefficients were defined as 181 
follows trivial (0.00–0.09), small (0.10–0.29), moderate (0.30–0.49), large (0.50–0.69), very large 182 
(0.70–0.89), nearly perfect (0.90–0.99), and perfect (1.00) [28]. The magnitude of the ES was 183 
interpreted as follows: trivial (< 0.20), small (0.20-0.59), moderate (0.60-1.19), large 184 
(1.20-2.00), and very large (> 2.00) [28]. Heteroscedasticity of error was defined as an r > 185 
0.32 [29]. Alpha was set at 0.05. All data were calculated using SPSS software (version 26, 186 
IBM SPSS, INC., Chicago, IL, USA).  187 
 188 
 189 
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3. Results 190 
Bench press 191 
Seven out of 160 predicted 1RMs were considered outliers (i.e. the absolute errors were > 192 
50%; 1 young and 6 middle-aged males for the low-load method) and were not consid- 193 
ered for statistical analyses. The ANOVA revealed differences in the 1RM prediction 194 
method (F(1.3, 41.6) = 11.6, P = 0.001), with higher errors for the low-load method compared 195 
to the multiple-point (P = 0.004), distant two-point (P = 0.002), and high-load (P = 0.018) 196 
methods. The magnitude of the absolute errors was similar between the multiple-point, 197 
distant two-point, and high-load methods (all P = 1.00). The main effect of group (F(1, 31) = 198 
0.49, P = 0.488) and the 1RM prediction method by group interaction (F(1.3, 41.6) = 1.5, P = 199 
0.232) effect did not reach significance. The errors were moderate for both young and 200 
middle-aged males using the multiple-point, distant two-point, and low-load predictions 201 
(range: 7.6% to 8.6%) and high for the low-load (14.2 and 20.4% in the young and mid- 202 
dle-aged groups, respectively; Figure 1) method. 203 
204 
Figure 1. Comparison of the absolute differences (mean ± SD), expressed as a percentage, 205 
between the actual 1 repetition maximum (1RM) and the 1RM estimated from the dif- 206 
ferent prediction methods in the bench press exercise. Note the black rectangles represent 207 
the median values. 208 
Trivial differences (raw differences range: -2.1 to 3.5 kg), very large to nearly perfect corre- 209 
lations (r range: 0.79 to 0.90), and homoscedastic errors (r range: -0.01 to 0.21) were ob- 210 
served between the actual 1RM and the 1RMs predicted by the multiple-point, distant 211 
two-point, and high-load methods in the groups of young and middle-aged groups (Ta- 212 
ble 1). Higher raw differences (from -0.7 to 11.0 kg), small to moderate correlations (r range: 213 
0.58 to 0.63), and heteroscedastic errors (r range: 0.31 to 0.68) were observed for the 214 
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Table 1. Differences, associations and heteroscedasticity of the errors between the actual and predicted 1RMs during 220 
the bench press exercise. 221 
 222 




Whole Multiple-point (n = 40) -0.4 ± 10.4 0.815 -0.02 0.85 0.00 
Distant two-point (n = 40) 1.0 ± 9.6 0.531 0.05 0.87 -0.01 
Low-load (n = 33) 4.3 ± 19.6 0.220 0.21 0.58 0.38^ 
High-load (n = 40) 1.6 ± 9.9 0.324 0.08 0.87 0.09 
Young Multiple-point (n = 20) -2.1 ± 11.8 0.438 -0.12 0.79 0.13 
Distant two-point (n = 20) -0.9 ± 11.4 0.743 -0.05 0.80 0.14 
Low-load (n = 19) -0.7 ± 17.7 0.870 -0.03 0.63 0.31 
High-load (n = 20) -0.3 ± 11.7 0.902 -0.02 0.81 0.21 
Middle-aged Multiple-point (n = 20) 1.3 ± 8.7 0.504 0.08 0.86 0.04 
Distant two-point (n =20) 2.8 ± 7.1 0.098 0.17 0.90 0.02 
Load-load (n = 14) 11.0 ± 20.7 0.069 0.56 0.61 0.68^ 
High-load (n = 20) 3.5 ± 7.6 0.056 0.20 0.90 0.21 
Data are mean ± standard deviation. Raw diff, Raw differences; ES, Cohen's d effect size ([Predicted 1RM – Actual 223 
1RM] / SD both); rPeason, Pearson's correlation coefficient; rheteroscedasticity, heteroscedasticity of the errors; *, P is < 0.05; ^ 224 
denotes hetereoscedasticity (i.e. r > 0.32).  225 
Back Squat 226 
Two subjects (1 young and 1 middle-aged males) did not complete the back squat pro- 227 
tocol due to discomfort. Seven out of 152 predicted 1RMs were considered outliers (i.e. 228 
the absolute errors were > 50%; 1 young and 6 middle-aged men for the low-load meth- 229 
od) and were not considered for statistical analyses. The ANOVA revealed a main effect 230 
of the 1RM prediction method (F(1.5, 42.2) = 6.9, P = 0.006) with higher errors for the low-load 231 
compared to the multiple-point (P = 0.013), distant two-point (P = 0.063), and high-load (P 232 
= 0.096) methods. The magnitude of the absolute errors between the multiple-point, dis- 233 
tant two-point, and high-load methods was comparable (all P = 1.00). There was also a 234 
main effect of group was also significant (F(1, 29) = 14.4, P = 0.001) due to higher error for 235 
middle-aged (range = -1.7 to -7.2 kg) compared to young group (range = -0.9 to 1.1 kg). 236 
The interaction between 1RM prediction method and group did not reach statistical sig- 237 
nificance (F(1.5, 42.2) = 0.8, P = 0.418). The errors were moderate for the young group using the 238 
multiple-point, distant two-point, and high-load methods (range: 5.7% to 7.0%), but high 239 
errors were always obtained for middle-aged group and using the low-load method 240 
(Figure 2). 241 
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 242 
Figure 2. Comparison of the absolute differences (mean ± SD), expressed as a percentage, 243 
between the actual 1 repetition maximum (1RM) and the 1RM estimated from the dif- 244 
ferent prediction methods in the back squat exercise. Note the black rectangles represent 245 
the median values. 246 
Generally, trivial differences were observed between the actual and predicted 1RMs (P 247 
range: 0.071 to 0.965) with the only exception being the high-load method in middle-aged 248 
group that overestimated the 1RM by 7.2 kg (P = 0.037; Table 2). The correlations between 249 
the actual 1RM and the 1RM estimated using the multiple-point, distant two-point, and 250 
high-load methods were nearly perfect for young group (r range: 0.95 to 0.96) and very 251 
large for middle-aged group (r range: 0.73 to 0.81). Weaker correlations (r range: 0.62 to 252 
0.74) were obtained using the low-load method. Heteroscedasticity of errors (r range: 0.36 253 
to 0.68) were observed for the young group, with higher 1RM values being associated 254 
with higher differences in favour of the predicted 1RMs, while no heteroscedasticity of 255 
errors (r range: 0.21 to 0.59) was generally observed for middle-aged group. 256 
Table 2. Differences, associations and heteroscedasticity of the errors between the actual and predicted 1RMs during 257 
the back squat exercise. 258 






Whole Multiple-point (n = 38) -1.3 ± 18.8 0.570 -0.04 0.92 0.45^ 
Distant two-point (n = 38) -1.7 ± 14.4 0.463 -0.05 0.91 0.42^ 
Load-load (n = 31) -1.0 ± 24.1 0.814 -0.03 0.74 0.39^ 
High-load (n = 38) -4.0 ± 13.4 0.071 -0.13 0.93 0.48^ 
Young Multiple-point (n = 19) 1.1 ± 12.1 0.689 0.04 0.95 0.66^ 
Distant two-point (n = 19) 0.1 ± 10.8 0.965 0.00 0.96 0.68^ 
Load-load (n = 18) -0.5 ± 24.9 0.927 -0.02 0.71 0.36^ 
High-load (n = 19) -0.9 ± 12.5 0.755 -0.03 0.95 0.65^ 
Middle-aged Multiple-point (n = 19) -3.7 ± 15.3 0.306 -0.16 0.78 0.21 
Distant two-point (n =19) -3.6 ± 17.4 0.382 -0.16 0.73 0.26 
Load-load (n = 13) -1.7 ± 23.8 0.802 -0.07 0.62 0.59^ 
High-load (n = 19) -7.2 ± 13.9 0.037* -0.32 0.81 0.18 
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Data are mean ± standard deviation. Raw diff, Raw differences; ES, Cohen's d effect size ([Predicted 1RM – Actual 259 
1RM] / SD both); rPeason, Pearson's correlation coefficient; rheteroscedasticity, heteroscedasticity of the errors; *, P is < 0.05; ^ 260 
denotes hetereoscedasticity (i.e. r > 0.32). 261 
Bent-over-row  262 
Data of 5 subjects (1 young and 4 middle-aged males) were excluded for all 1RM predic- 263 
tion methods due to systematic absolute errors above 50%. From the remaining 140 pre- 264 
dicted 1RMs, we considered 5 outliers using the low-load (1 young and 4 middle-aged 265 
males) and 2 using the high-load (both middle-aged males) methods. The main effect of 266 
the 1RM prediction method (F(1.9, 48.7) = 3.0, P = 0.61), group (F(1, 26) = 2.9, P = 0.099), and the 267 
interaction between 1RM prediction method and group (F(1.9, 48.7) = 0.6, P = 0.602) were 268 
similar (Figure 3). The errors were always high (range: 13.3% to 19.9%) with the only ex- 269 
ception being the multiple-point for middle-aged group, which showed moderate errors 270 
(8.6%) (Figure 3). 271 
272 
Figure 3. Comparison of the absolute differences (mean ± SD), expressed as a percentage, 273 
between the actual 1 repetition maximum (1RM) and the 1RM estimated from the dif- 274 
ferent prediction methods in the bent-over-row exercise. Note the black rectangles rep- 275 
resent the median values. 276 
The multiple-point, distant two-point, and high-load methods overestimated the actual 277 
1RM the correlations were very large, and the errors were generally heteroscedastic with 278 
greater 1RM values being associated with higher differences in favour of the predicted 279 
1RMs (r range: 0.31 to 0.71) (Table 3). Trivial to small differences were noted between the 280 
1RM predicted using the low-load method and the actual 1RM, but the correlations were 281 
weaker than the other methods (r range: 0.55 to 0.72), and the errors were still hetero- 282 
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Table 3. Differences, associations and heteroscedasticity of the errors between the actual and predicted 1RMs during 289 
the bent-over-row exercise. 290 
 291 




Whole Multiple-point (n = 35) 6.4 ± 14.1 0.011* 0.34 0.77 0.50^ 
Distant two-point (n = 35) 10.3 ± 14.5 <0.001* 0.56 0.74 0.44^ 
Load-load (n = 30) -2.4 ± 20.8 0.403 -0.14 0.72 0.68^ 
High-load (n = 33) 10.1 ± 17.0 0.002* 0.50 0.77 0.66^ 
Young Multiple-point (n = 19) 8.3 ± 16.9 0.046* 0.43 0.71 0.56^ 
Distant two-point (n = 19) 10.4 ± 16.6 0.014* 0.54 0.71 0.54^ 
Load-load (n = 18) 0.3 ± 23.6  0.964 0.01 0.68 0.74^ 
High-load (n = 19) 10.9 ± 19.1 0.023* 0.52 0.72 0.66^ 
Middle-aged Multiple-point (n = 16) 4.2 ± 9.9 0.110 0.29 0.78 0.31 
Distant two-point (n = 16) 10.3 ±12.1 0.004* 0.69 0.70 0.35^ 
Load-load (n = 12) -8.4 ± 15.2  0.080 -0.56 0.55 0.47^ 
High-load (n = 14) 9.0 ± 14.4 0.035* 0.50 0.81 0.71^ 
Data are mean ± standard deviation. Raw diff, Raw differences; ES, Cohen's d effect size ([Predicted 1RM – Actual 292 
1RM] / SD both); rPeason, Pearson's correlation coefficient; rheteroscedasticity, heteroscedasticity of the errors; *, P is < 0.05; ^ 293 
denotes hetereoscedasticity (i.e. r > 0.32). 294 
4. Discussion 295 
This is the first study to compare the accuracy of the load-velocity relationship in pre- 296 
dicting maximal strength between young and middle-aged resistance trained males. 297 
Regardless of the exercise, the low-load method presented the lowest accuracy in the 298 
prediction of the 1RM. The multiple-point, distant two-point, and high-load methods, 299 
across all exercises, presented similar inaccuracy with respect to the actual 1RM. The 300 
main findings of the study were that the errors in the prediction of the 1RM were com- 301 
parable for young and middle-aged group in the bench press (moderate errors) and 302 
bent-over-row (high errors), while the middle-aged group presented greater errors than 303 
their young counterparts in the back squat exercise (high versus moderate errors, re- 304 
spectively). These results suggest that the load-velocity relationship should not be used 305 
to predict the 1RM in young and middle-aged males during bench press, back squat and 306 
bent-over-row exercises when using reference MVT values.  307 
Similar to previous reports, the current data demonstrated very large to nearly perfect rel- 308 
ative agreement with respect to the actual 1RM and predicted 1RM using multiple-point 309 
and distant two-point methods for bench press exercise [10,30,31]. However, measures of 310 
association are not indicative of the absolute agreement between 1RM prediction meth- 311 
ods; more important is the absolute error which in this study is moderate and, in the case 312 
of the velocity-biased two-load method, high. These absolute errors are alarming for those 313 
who use such methods in practice and are in contrast to previous reports of favourable 314 
agreement between direct 1RM assessment and velocity-based 1RM prediction methods 315 
in the bench press exercise [10,31,32]. The absolute errors, which were similar between 316 
groups, demonstrate variability which challenges the ability of these 1RM prediction 317 
methods in detecting changes in upper-body pushing strength (~9.1 kg) observed after 318 
resistance training in older adults [33]. Moreover, if different 1RM predictions methods 319 
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are used in-season, these might infer a change has occurred despite observations of no 320 
change in bench press strength across this period [34]. Therefore, we suggest that practi- 321 
tioners do not assess bench press maximal strength using these velocity-based methods 322 
in young and middle- resistance trained males. 323 
 The mostly very large and nearly perfect correlations between prediction methods for 324 
back squat, were coupled with absolute errors that were large in the middle-aged group 325 
than their young counterparts. These data suggest that 1RM cannot be predicted from the 326 
load-velocity relationship in the back squat exercise, which reaffirms previous studies 327 
[12,13]. Our errors were substantially smaller than those observed by Hughes et al. [13], 328 
likely owing to the different statistics used in their study and ours (95% limits of agree- 329 
ment and absolute and relative differences, respectively). Similarly, Banyard et al. [12] 330 
observed poor agreement when the 1RM was predicted from 5 (7.4% coefficient of varia- 331 
tion; CV), 4 (9.1% CV), and 3 (12.8% CV) loads. Nonetheless, the errors here were larger 332 
for the middle-aged groups (range = 13.2 to 17.0%) than the younger group (range = 5.7 to 333 
13.4%). It is unclear why these errors were higher for the middle-aged group, but it might 334 
be owing to the greater dynapenia that occurs in the lower-body than upper-body [35,36] 335 
and the subsequent effect on the slope/shape of the load-velocity relationship [17,37]. The 336 
reasons for this aggravated dynapenia is likely owing to the reduced usage of the low- 337 
er-body with age [38] and more severe changes in contractile units (e.g. decreases in the 338 
specific tension of types 1 and 2 fibers) [39] and connective tissues (e.g., increases in fat 339 
and connective tissue) [40]. Nonetheless, such large errors would theoretically be able to 340 
detect large increases in lower-body strength that have been observed in some studies 341 
(e.g. ~42.1 kg, Conlon et al., 2016) but the errors in both groups are probably too large to 342 
detect the small increases (~5-10%) that are recommend when adjusting load within a 343 
micro-cycle [12,41]. Similarly, the improvements in back squat 1RM that occur in-season 344 
are typically small (e.g. ~8.3 kg, Hoffman & Kang, 2003), which challenges the ability of 345 
the velocity-based 1RM prediction methods used in the present study to detect these 346 
changes. Readers should be aware that for safety and ethical reasons, maximal strength 347 
was calculated from a 5RM and not assessed via a direct 1RM. Therefore, some values 348 
1RM values for back squat could be over- or underestimated. Nonetheless, our data 349 
suggest that these velocity-based methods cannot be used to predict the back squat 1RM 350 
in young and middle-aged resistance trained males. 351 
 For bent-over-row exercise, our findings reflect a poor level of agreement between 352 
1RM and the velocity-based 1RM predicted methods. Independent of group and predic- 353 
tion method, the very large correlations were coupled with unfavourable absolute errors 354 
(range = 8.6 to 19.9%). The feasibility of the load-velocity relationship when predicting 355 
1RM in upper-body pulling exercises has been investigated before. In both the 356 
bent-over-row [42], seated-cable row [21] and prone-bench pull [43] exercises, the 357 
load-velocity relationship was able to predict the 1RM (random errors = ~3.1, 3.5, and 5.4 358 
kg, respectively). It is likely that the poor agreement observed in our study is due to the 359 
use of a reference MVT value rather than those specific to that sample [21,42,43]. More- 360 
over, the MVT used by Loturco and colleagues [42] ~0.630 m·s-1 was similar to the mean 361 
velocity at 80% 1RM in the current study (~0.638 m·s-1). The reasons for this is unclear, 362 
especially given that the our 1RM values (90.2 ± 14.8 kg) are comparable to those of the 363 
athletes in Loturco et al.’s [42] work (88.5 ± 13.1 kg). We selected a reference MVT value 364 
used during a similar pulling exercise, the seated cable row [44], which given the over- 365 
estimations, might suggest a slower reference MVT value is needed. Irrespective of the 366 
differences between these studies, the absolute errors in the current work challenge the 367 
ability of these predictive methods to detect improvements in bent-over-row that have 368 
occurred after 6 [45] to 7 weeks [46] of resistance training (~5.1 and 15 kg, respectively). 369 
Like the bench press and back squat errors, these are likely too large to detect the small 370 
increases in load that occur across micro-cycles or between sessions within a microcycle 371 
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[12,41]. As with bench press and back squat, we do not recommend using these predic- 372 
tion methods to estimate bent-over-row 1RM in young and middle-aged resistance 373 
trained males. 374 
 The poor levels of agreement between the 1RM assessment methods reported here 375 
are undesirable from the perspective of detecting meaningful changes in strength or 376 
prescribing training loads. Primarily, the errors in this study could be inflated due to 377 
day-to-day variability in strength. In this study the actual 1RM and the load-velocity re- 378 
lationship were assessed in different sessions unlike previous studies (e.g. [43,44]) in 379 
which lower errors were reported when the 1RM and load-velocity relationships were 380 
evaluated in the same session. Future studies should also elucidate whether the higher 381 
errors reported in this study could be caused by the loads being administered randomly 382 
rather than in an incremental order. Previous work in isokinetic dynamometry has sug- 383 
gested that slow angular velocities should be applied before faster angular velocities [47], 384 
but whether this is the case in isoinertial exercise remains unknown. Secondly, the poor 385 
agreement might be owing to the use of reference MVT values, instead of those specific to 386 
the sample in the study. The particularly poor agreement in the bent-over-row, where the 387 
prediction methods typically overestimated 1RM, would suggest that the use of a lower 388 
MVT could increase the accuracy of the prediction. A final explanation might be owing to 389 
the measurement tool. Though the FitroDyne is reliable [25], different linear position 390 
transducers, even those working via similar technologies, do not always provide com- 391 
parable data [27,32]. Previously, Fernandes and colleagues [27] observed differences of ± 392 
0.04 to 0.12 ms-1 between two commonly used linear position transducers during 393 
bent-over-row exercise. Moreover, the MVT observed by Loturco et al. [42] is comparable 394 
to the mean velocity at 80% 1RM in the current study. It is unlikely that this is wholly 395 
explained by differences in samples, given their similar characteristics, but rather the 396 
different tools might account for some of the discrepancy. This reaffirms the need for 397 
practitioners to attain an MVT value that is specific to their measurement tool, specific to 398 
each exercise, and to each individual.  399 
 Readers should be aware of the several outliers (i.e. absolute errors > 50%) removed 400 
from the data analysis. Predominantly, these outliers were found in the middle-aged 401 
group using the low-load prediction method. A manual inspection of these outliers 402 
showed that the differences in velocity between 20 and 40% 1RM was small (i.e. the slope 403 
was flatter than between other load configurations). This suggest that this population, 404 
although well resistance trained, is not accustomed to maximal intent with low loads. 405 
Additionally, the ageing associated slowing of the muscle [17] changes in fascicle length 406 
[48], reduced ATPase activity [39] and changes in contractile properties (i.e., increased 407 
slow myosin heavy chain content) [49] which contribute to maximal velocity contrac- 408 
tions, contributed to flattening of the slope between 20 and 40% 1RM. It is also plausible 409 
that the FitroDyne does not possess sufficient reliability to determine the movement ve- 410 
locity at these loads. Nonetheless, that several outliers had to be removed, further rein- 411 
forces that reference MVT values should not be used to predict 1RM in middle-aged re- 412 
sistance trained males. 413 
5. Conclusions 414 
These data indicate that the 1RM cannot be accurately predicted from the load-velocity 415 
relationship in young and middle-aged males when using reference MVT values. More- 416 
over, the load combination used did not influence the prediction of maximal strength 417 
from the load-velocity relationship. The poor agreement between velocity-based meth- 418 
ods observed in this study was independent of the groups for bench press and 419 
bent-over-row, suggesting that the age-related differences do not influence the prediction 420 
of 1RM from the load-velocity relationship. However, for back squat, these prediction 421 
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methods demonstrate a higher error in the middle-aged than the young group, which we 422 
attribute to age-associated changes in the shape of the load-velocity relationship caused 423 
by dynapenia. Practically, we do not recommend using reference MVT values to predict 424 
1RM in these populations. Instead, if practitioners want to implement a 1RM mean ve- 425 
locity prediction value, it should be specific to their population, training situation and 426 
device. 427 
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